Background/Aims: Migration of Schwann cells (SCs) progenitors and neurite outgrowth from embryonic dorsal root ganglions (DRGs) are two central events during the development of the peripheral nervous system (PNS). How these two enthralling events preceding myelination are promoted is of great relevance from basic research and clinical aspects alike. Recent evidence demonstrates that biophysical cues (extracellular matrix stiffness) and biochemical signaling act in concert to regulate PNS myelination. Microenvironment stiffness of SCs progenitors and embryonic neurites dynamically changes during development. Methods: DRG explants were isolated from day 12.5 to 13.5 mice embryos and plated on laminin-coated substrates with varied stiffness values. After 4 days in culture and immunostaining with specific markers, neurite outgrowth pattern, SCs progenitors migration, and growth cone shape and advance were analyzed with confocal fluorescence microscopy. Results: We found out that growing substrate stiffness promotes directional neurite outgrowth, SCs progenitors migration, growth cone advance and presumably axons fasciculation. Conclusions: DRG explants are in vitro models for the research of PNS development, myelination and regeneration. Consequently, we conclude the following: Our observations point out the importance of mechanosensitivity for the PNS. At the same time, they prompt the investigation of the important yet unclear links between PNS biomechanics and inherited neuropathies with myelination disorders such as Charcot-Marie-Tooth 1A and hereditary neuropathy with liability to pressure palsies. Finally, they encourage the consideration of mechanosensitivity in bioengineering of scaffolds to aid nerve regeneration after injury.
Introduction
Cells exert forces on their microenvironment, and at the same time sense the stiffness of the extracellular matrix (ECM) [1] . This so called mechanosensitivity is crucial for central nervous system development and repair [2] , and recent studies demonstrate that isolated peripheral nervous system (PNS) neurons and Schwann cells (SCs) are mechanosensitive [3, 4] . SCs perform numerous tasks crucial for PNS development, maintenance, survival, protection and regeneration [5] . Their interaction with neurons is biochemical and mechanical [5, 6] . During development, SCs originate from neural crest in dorsal root ganglions (DRGs) and migrate along bundles of outgrowing axons from the spinal cord to the periphery [5] . The mechanisms underlying SCs migration from DRGs remain heatedly discussed [7] . SCs gradually secrete a basal lamina (ECM), which mediates their physiological roles and biochemical cross-talk with extending neurites [5] . The gradual deposition of ECM dynamically increases the stiffness around SCs and axons during PNS development. Substrate stiffness strongly modulates gene expression in purified SCs [8] and we have shown that morphology and motility of the same cells are highly substrate stiffness-sensitive [4] . Hence, the question is pressing as to whether ECM stiffness acts in concert with biochemical signaling to promote SCs progenitors migration. Like SCs migration, directionality of neurite extension and growth cone guidance remain inexplicit [2] . Mechanosensitive active pulling forces at the leading growth cones generate axonal tension and promote axonal growth [9] . Recent evidence demonstrates that PNS myelination is highly sensitive to substrate stiffness [6] ; Yap and Taz, effectors of the Hippo pathway, which are known to integrate chemical and mechanical signals in cells [10] , control the mechanosensitive PNS myelination [6, 11] .
Materials and Methods

Generation of laminin-coated polyacrylamide substrates with different stiffness
Polyacrylamide (PA) precursor gels were produced from 40% (w/v) acrylamide (Sigma-Aldrich), 2 % (w/v) bis-acrylamide (Bio-Rad Laboratories) and 97% (w/v) and N-Hydroxyethyl acrylamide (SigmaAldrich) stock solutions to generate substrates with distinct stiffness values (elastic moduli: 1 kPa, 10 kPa and 20 kPa), which were corroborated by indentation measurements using atomic force microscopy. First, 25 mm glass coverslips were cleaned with 70% ethanol and treated with 0.1 % sodium hydroxide (NaOH) to make the surface hydrophobic. Then coverslips were incubated for 3 minutes with (3-Aminopropyl) trimethoxysilane (APTMS, Sigma-Aldrich) to functionalize the glass surface. Subsequently, pretreated coverslips were coated for 30 minutes with 0.5% glutaraldehyde. PA precursor mix containing 500 µl 40% acrylamide (Sigma-Aldrich), 65 µl 100% hydroxyacrylamide (Sigma-Aldrich) and 250 µl 2% bis-acrylamide (Bio-Rad) was shortly degassed in vacuum desiccator. Gel polymerization was initiated by adding 0.1% w/v Ammonium-Persulfate (Sigma-Aldrich) and 0.1% w/v tetramethylethylenediamine (TEMED, Bio-Rad Laboratories) to the PA precursor mix. A drop of polymerizing PA mix was added to the 25 mm coverslips and immediately covered with water-repellent solution RainX ® (RainX Co, USA) pre-treated (20 mm) glass coverslips in order to produce approximately 30 micrometer thick gel substrates. After PA polymerization (approx. 30 minutes) the gels were placed in 6-well culture plate containing phosphate buffer solution (PBS) and the 20 mm coverslips were removed. Gels were rinsed with PBS several times to remove the non-polymerized acrylamide. PA gels sterilization was carried out exposing the gels to UV light for ~10 minutes. Surface coating to promote Schwann cell adhesion was induced incubating PA gels with poly-Dlysine (Sigma-Aldrich) overnight at 4°C. The next day gels were washed and incubated for 2 hours at room temperature with 10 µg/mL laminin (Sigma-Aldrich). PA gels were covered with cell culture medium and allowed to equilibrate inside incubator at 37°C for 1 hour before seeding the cells. . DRG explants were dissected from embryonic mice as described in our recent publication [4] . Basically, DRGs explants were isolated from day 12.5 to 13.5 C57BL6/J mice embryos and plated on PA substrates which were previously coated with poly-D-Lysine (Sigma-Aldrich) and 10 µg/ mL laminin (Sigma-Aldrich). DRG explants were maintained in Neurobasal medium (Invitrogen) containing 20 µL/mL B27 supplement 50X (Gibco), 10 µL/mL Antibiotic-Antimycotic, 2 mM Glutamax (Invitrogen) and 0.01 µg/mL nerve growth factor (NGF, Invitrogen) at 37°C and 5% CO 2 .
Isolation and culture of embryonic DRG explants
Analysis of SCs migration from embryonic DRG explants
After 4 days in culture, DRG co-cultures of axons and SCs were fixed with 4% paraformaldehyde (Sigma-Aldrich) for 2 hours at 4°C and washed with PHEM buffer (5 mM Pipes, 60 mM HEPES, 10 mM EGTA and 2 mM MgSO 4 , pH 7.0 with KOH; all components from Sigma-Aldrich). Co-cultures were prepared for immunocytochemistry by incubating DRG explants in blocking solution (PHEM + 5% normal goat serum) followed by membrane permeabilization with 0.1% Triton X-100 for 20 minutes. For axons and SCs staining samples were incubated overnight at 4°C with primary antibodies: monoclonal class III beta-tubulin antibody 1:1000 (Covance) and anti-S100 (1:500, Dako), respectively. Secondary antibodies Alexa-488 and Alexa-546 (Invitrogen) were incubated overnight at 4°C. For image acquisition a Leica TCS SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany) equipped with 488, 543 and 633 nm laser lines and 10X objective was used. Cell nuclei were stained with DAPI contained in mounting media (Dako). For quantification of SCs migration on embryonic DRG explant we utilised Fiji ImageJ (v1.50e) software. Migration distances of SCs (S100-positive) were determined by measuring the total covered distance from the border of DRG exit to the final captured positions of SCs on the axons. Data analysis and graph production was carried out using Origin Pro 8.0 software (Origin Lab Corporation, Northampton, MA, USA).
Neurites orientation analysis DRG explants cultured over laminin-coated substrates with distinct elastic moduli (1 kPa, 10 kPa, 20 kPa and glass) were stained using a β-tubulin antibody to visualize axons. Images of approximately 100.000 µm 2 around DRG explant borders were recorded and imported to Fiji. The axon orientation analysis was carried out with the ImageJ plug-in OrientationJ [12] using the dominant orientation option. The parameter orientation coherency given by this software enables the determination of the orientation isotropy of the structures within the image. Hence, the orientation isotropy in the image ranges from zero (isotropic areas with no preferential orientation) to one (highly oriented structures).
Growth cone morphology
For the analysis of growth cone morphologies, embryonic DRG neurons were stained for a specific membrane protein (Neuregulin-1 (NRG-1) type III, Abcam). Fluorescent images were obtained with confocal microscopy and the growth cone spreading areas were measured with ImageJ software (NIH, USA). Spreading area was determined by outlining the entire surface of the growth cone (starting from the neck position). Growth cone average areas on the different substrates and glass were analyzed and compared with Origin Pro 8.0 software (Origin Lab Corporation, Northampton, MA, USA).
Statistical analysis
Data are presented as mean values ± standard error of the mean (SEM). Data were tested for normal distribution. Depending on data distribution, parametric (Student's t-test) or non-parametric (MannWhitney test) were utilized. ANOVA tests were used when more than two groups were compared. Results were considered as statistically significant at the probability level p < 0.05 (*).
Results
Effect of substrate-stiffness on SCs progenitors migration from DRG explants
After 4 days in culture over laminin-coated substrates with varied stiffness values, migration distances of SCs progenitors from embryonic DRG explants were measured (Fig.  1) . In repeated experiments, 180, 126, 266 and 217 SCs were analyzed on 1 kPa, 10 kPa, 20 kPa and glass, respectively. SCs migration distances (mean ± SEM; N=10 DRG explants in
each condition) were 148.1 ± 5.3 µm, 264 ± 9.2 µm, 343 ± 6.5 µm and 432 ± 9.0 µm on 1 kPa, 10 kPa, 20 kPa and glass, respectively.
Effect of substrate-stiffness on neurite outgrowth shape and directionality
In parallel to SCs migration we studied the orientation pattern of extending embryonic DRG neurons after 4 days in culture, in response to substrate stiffness (Fig. 2) . Neurite outgrowth pattern is strongly wavy on 1 kPa and waviness is reduced on 10 kPa. In contrast, neurite outgrowth pattern on 20 kPa is rather straight and neurites form outstretched bundles aligned in parallel orientation to each other over long distances. Besides, neurites fasciculation tendency apparently correlates with substrate stiffness. To quantify the directionality of neurite outgrowth we used an orientation analysis algorithm based on the orientation coherence of fluorescently labelled structures in the recorded images [12] . The parameter orientation coherence enables the determination of the orientation isotropy of the structures within the image [12] . The orientation isotropy ranges from zero (isotropic areas with no preferential orientation) to one (highly oriented structures) [12] . Ten DRGs were tested in each condition. 20 kPa substrates promote the growing of oriented neurites (0.549 ± 0.06), whereas 10 kPa (0.430 ± 0.05) and 1 kPa (0.348 ± 0.06) substrates promote axonal outgrowth in a less oriented isotropic shape. We also analyzed the local directionality angles of DRG neurites from color-coded confocal microscopy images [12] . Representative color-coded maps showing local directionality angles of DRG neurites and the corresponding histograms are shown in Fig. 2B ,C. The range of possible angle values is between -90° and 90°. The distribution range of angle orientations on 10 kPa and 20 kPa substrates shows that peaks are centered around -20° and +20°. In contrast, on 1 kPa the directionality pattern of neurite angles has a widespread distribution.
Effect of substrate-stiffness on growth cone shape
We investigated the effect of substrate stiffness on growth cone morphology in 10 DRGs in each experimental condition. Confocal microscopy images of fluorescently labelled DRG growth cones on laminin-coated substrates are shown in Fig. 3A . Cones spreading areas significantly increased from 75.8 ± 4 µm 2 on 1 kPa (n = 88 cones) to 189.5 ± 20 µm 2 on 20 kPa (n = 55). Intriguingly, no significant differences were observed between 1 kPa, 10 kPa (82.8 ± 5 µm 2 , n=72) and glass (65.1 ± 4 µm 2 , n=46). In addition to the increased area, growth cones on 20 kPa substrates show more filopodia compared to 1 kPa, 10 kPa and glass.
Discussion
We have recently shown that the average elastic Yong's modulus of mature myelinated nerve fibers from mice is ~ 20 kPa [13] . Here, embryonic DRG explants were exposed to substrates with elastic moduli of 1 kPa, 10 kPa and 20 kPa, referred to as soft, medium and hard, respectively. The substrates were coated with laminin, a major constituent of SCs basal lamina and a key mediator of SCs actions [14] . The selected stiffness range corresponds to early, intermediate and adult developmental stages, respectively [4] . Putting the observations together: We have previously shown that outgrowth length of neurites from embryonic DRG explants is substrate stiffness-sensitive [4] . Here we show that also extension pattern, directionality and presumably fasciculation of embryonic DRG neurites strongly depend on substrate stiffness. Consistently, recent findings demonstrate that axons growing out of a retinal ganglion cell explant increase defasciculation and aberrant growth on soft substrates, while on stiff substrates axons grow in paralleled straight orientation [15] . We speculate that traction forces and the expression levels of cell-ECM adhesion molecules in axons correlates with the substrate stiffness. We also envisage that hampered biomechanical communication between neurites and the ECM is involved in pathogenesis of the inherited neurological disorders Charcot-Marie-Tooth 1A (CMT1A) and hereditary neuropathy with liability to pressure pulse (HNPP). CMT1A and HNPP are closely associated with biomechanical vulnerability entailing nerves which become prone to action potential conduction block and motoric disorders [16] [17] [18] . Growth cone-ECM interactions are important for force generation, axonal growth and guidance during nervous system development [2] . Traction forces generate tension which increases with increasing substrate stiffness [19] . Consistently, we observe increased interaction between growth cones and substrates with increasing substrates stiffness. Moreover, growth cones mechanosensitivity is highest within a specific range (intermediate to hard) and lowest at soft and too hard (glass). The latter indicates that a specific range of substrate compliance is necessary to allow optimal growth cone-ECM interaction. This proposes biochemical and biophysical cross-talk Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry rather than purely biophysical response that is likely to regulate the expression of proteins (focal adhesions, the cytoskeleton and myosin II) important for the mechanotransduction of neurons [20] . We have previously shown that purified SCs are sensitive to the stiffness of their substrate and that they are motile within a stiffness range [4] which encompasses the stiffness of PNS neurons [21] . In the experimental model of the present work SCs do not interact directly with the substrate in opposite to extending neurites. Therefore, we can imagine that a change in substrate stiffness triggers a biochemical response in neurites which promotes migration of SCs progenitors from DRG explants. A role of Yap/Taz signaling is conceivable as in mechanosensitive PNS myelination [6] . Yap and Taz are expressed in DRG progenitors and glia during DRG development and Yap signaling plays important roles in controlling the expansion of DRG progenitors and glia during development [22] . Hence, mechanosensitivity of outgrowing neurites may act in concert with biochemical signaling to promote migration of SCs progenitors. We assume that mechanosensitivity of SCs is important for their interaction with outgrowing neurites. Recent evidence demonstrate that SCs feel and respond to the stiffness of their substrate, and that mechanosensitivity plays key roles in SCs shape, adhesion, migration, differentiation, gene expression profiles and myelination [4, 6, 8, 11, 23, 24] . This strong impact of mechanosensitivity on SCs plays important roles in the PNS from biomedical and clinical aspects. Migration of SC precursors from embryonic DRGs is a crucial event for the PNS development. Adhesion of Schwann cells to outgrowing neurites is particularly important during the process of radial sorting and axon myelination, supporting the idea that mechanical sensing of axons plays a role during PNS maturation [3, 4] . This assumption receives some support considering the facts that SCs morphology is highly sensitive to substrate stiffness [4] and that a switch in SCs morphology, in turn, is a prerequisite to adjust their interaction with axons before and after axonal sorting [25, 26] . All in all, the present brief work intends to highlight the general importance of mechanosensitivity for the PNS without going into details underlying the cross-talk between biochemical and biophysical cues. It sets the stage for follow-up works which will aim at comprehensive research of the cross-talk at the biochemical and molecular level.
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